Peptide-based mass spectrometry approaches, such as multiple reaction monitoring, provide a powerful means to measure candidate protein biomarkers in plasma. A potential confounding problem is the effect of preanalytical variables, which may affect the integrity of proteins and peptides. Although some blood proteins undergo rapid physiological proteolysis ex vivo, the stability of most plasma proteins to preanalytical variables remains largely unexplored. We applied liquid chromatography-tandem mass spectrometry shotgun proteomics and multiple reaction monitoring analyses to characterize the stability of proteins at the peptide level in plasma. We systematically evaluated the effects of delay in plasma preparation at different temperatures, multiple freeze-thaw cycles and erythocyte hemolysis on peptide and protein inventories in prospectively collected human plasma. Time course studies indicated few significant changes in peptide and protein identifications, semitryptic peptides and methionine-oxidized peptides in plasma from blood collected in EDTA plasma tubes and stored for up to a week at 4°C or room temperature prior to plasma isolation. Similarly, few significant changes were observed in similar analyses of plasma subjected to up to 25 freeze-thaw cycles. Hemolyzed samples produced no significant differences beyond the presence of hemoglobin proteins. Finally, paired comparisons of plasma and serum samples prepared from the same patients also yielded few significant differences, except for the depletion of fibrinogen in serum. Blood proteins thus are broadly stable to preanalytical variables when analyzed at the peptide level. Collection protocols to generate plasma for multiple reaction monitoring-based analyses may have different requirements than for other analyses directed at intact proteins. Molecular & Cellular Proteomics 11: 10.1074/  mcp.M111.014340, 1-12, 2012. 
Peptide-based mass spectrometry approaches, such as multiple reaction monitoring, provide a powerful means to measure candidate protein biomarkers in plasma. A potential confounding problem is the effect of preanalytical variables, which may affect the integrity of proteins and peptides. Although some blood proteins undergo rapid physiological proteolysis ex vivo, the stability of most plasma proteins to preanalytical variables remains largely unexplored. We applied liquid chromatography-tandem mass spectrometry shotgun proteomics and multiple reaction monitoring analyses to characterize the stability of proteins at the peptide level in plasma. We systematically evaluated the effects of delay in plasma preparation at different temperatures, multiple freeze-thaw cycles and erythocyte hemolysis on peptide and protein inventories in prospectively collected human plasma. Time course studies indicated few significant changes in peptide and protein identifications, semitryptic peptides and methionine-oxidized peptides in plasma from blood collected in EDTA plasma tubes and stored for up to a week at 4°C or room temperature prior to plasma isolation. Similarly, few significant changes were observed in similar analyses of plasma subjected to up to 25 freeze-thaw cycles. Hemolyzed samples produced no significant differences beyond the presence of hemoglobin proteins. Finally, paired comparisons of plasma and serum samples prepared from the same patients also yielded few significant differences, except for the depletion of fibrinogen in serum. Blood proteins thus are broadly stable to preanalytical variables when analyzed at the peptide level. Collection protocols to generate plasma for multiple reaction monitoring-based analyses may have different requirements than for other analyses directed at intact proteins. Molecular & Cellular Proteomics 11: 10.1074/ mcp. M111.014340, 1-12, 2012 .
The human plasma proteome contains proteins from all tissues and its composition is hypothesized to reflect dynamic states of human health (1) . Although immunoassays are the most widely used laboratory diagnostics, the challenge of producing high quality antibodies poses a barrier to the systematic evaluation of many new plasma protein biomarker candidates (2) . The analysis of proteins by mass spectrometry (MS) provides a powerful alternative approach to systematically configure assays for potential disease biomarkers (2, 3) . MS-based analyses of proteins, including targeted analyses by multiple reaction monitoring (MRM) 1 measure peptides produced by proteolytic digestion of plasma proteomes (2) . Standardized MRM analyses display performance characteristics and interlaboratory reproducibility consistent with the eventual development of MRM-based clinical assay platforms (4 -6) . Detection of plasma proteins at low concentrations can be achieved with immunoaffinity enrichment of peptides or intact proteins prior to MRM analysis (5, 7, 8) . MS analyses targeted to peptides thus appear likely to emerge in clinical laboratory practice in the near future (3) .
Preanalytical variables, including conditions of plasma collection, preparation, and storage may affect the stability of plasma proteins. Processing and storage conditions affect the performance of many immunoassays (see (9 -11) for recent examples), but relatively little is known about the impact of these variables on MS-based measurements made at the peptide level. Both the National Cancer Institute Early Detection Research Network (EDRN) and the Human Proteome Organization (HUPO) have made recommendations for specimen acquisition and handling practices associated with biomarker discovery and validation studies (12) (13) (14) . However, these recommendations were based primarily on data from matrix-assisted laser desorption/ionization (MALDI) and surface-enhanced laser desorption/ionization (SELDI) analyses, which detect a relatively small number of abundant, low molecular weight proteins and peptides in undigested plasma or serum. Moreover, the changes observed with these platforms typically reflect physiologic proteolysis ex vivo of a small number of proteins involved in the coagulation and complement pathways (15) (16) (17) . Evidence-based guidelines for blood collection and processing for targeted MS analyses require new information about the stability of a broad range of plasma proteins, as indicated by measured levels of their constituent peptides.
To approach this problem, we employed a standardized shotgun proteomic analysis platform to perform global surveys of peptide content of plasma following tryptic digestion. This platform, which is similar to that characterized recently by the National Cancer Institute Clinical Proteomic Technology Assessment for Cancer (CPTAC) network (18, 19) , generates ϳ13,000 MS/MS spectra, which identify ϳ1000 distinct peptides mapping to about 200 proteins in a single liquid chromatography tandem MS (LC-MS/MS) analysis of an unfractionated plasma digest.
Using shotgun proteomics and targeted analyses by MRM, we examined the stability of blood proteomes at the peptide level under variable storage and handling conditions commonly encountered in a clinic setting, where blood is routinely drawn for purposes other than proteomic analyses. Our experiments characterized changes at the peptide level in plasma proteins as a function of (1) time from blood collection to plasma isolation at 4°C or room temperature, (2) number of freeze-thaw cycles performed on plasma samples, and (3) hemolysis prior to plasma preparation. Finally, we compared at the peptide level proteomes from serum and plasma samples prepared simultaneously from the same individuals. The data indicate that peptide inventories are surprisingly resistant to alteration by preanalytical variables and that peptide-level analyses provide a robust means of protein quantitation in blood samples subject to variable processing and storage conditions.
EXPERIMENTAL PROCEDURES
Materials and Reagents-Iodoacetamide and ammonium bicarbonate (Ͼ99.0% purity) were from Sigma (St. Louis, MO); d,l-1,4 dithiotheitol (DTT) was from Thermo Scientific (Rockford, IL); 2,2,2trifluoroethanol (TFE) was from Acros (New Jersey). The Escherichia coli alkaline phosphatase peptide U-13 C 6 , U-15 N 4 -Arg-AAQGDI-TAPGGAR (Ͼ99% isotopic purity) was supplied by New England Peptide, LLC (Gardner, MA) at over 95% chemical purity. MS grade trypsin (Trypsin Gold, cat#TB309) was purchased from Promega (Madison, WI). HPLC grade water and acetonitrile were from Mallinckrodt Baker (Phillipsburg, NJ, USA).
Sample Collection and Preparation-Blood specimens from 10 subjects were collected during the Yul Brynner Head and Neck Cancer screening day on April 20, 2007 at Vanderbilt University and the Veterans Administration Medical Center in Nashville, TN. Demographic information for the participants is provided in supplemental Table S1 . All protocols for this study were approved by the Vanderbilt Institutional Review Board (IRB) and all patients signed informed consent to donate their biological specimens for research. Blood was collected by venipuncture in 7 ml Vacutainer lavender tubes (with K 2 EDTA (spray-dried) -product number 366643) (BD Diagnostics, Franklin Lakes, NJ) and immediately placed on ice. The tubes were transported to a central location within 30 min where a 1.5 ml portion of the blood was pipeted into a 1.5 ml Eppendorf tube. From this tube, 100 l aliquots of whole blood were transferred into eight 96-well plates using one plate for each of the eight conditions: 4, 24, 72, or 168 h at 4°C or 23°C (room temperature). A separate 100 l aliquot was also taken from each sample as the "0 h " time point. These were collected in strips of eight microcentrifuge tubes, which were frozen on dry ice at regular intervals. All processing was performed in a cold room at 4°C and the maximum time between blood collection and freezing of the 0 h time point was 1 h. Blood was centrifuged at the designated times for 15 min at 1500 ϫ g and plasma was removed via pipette and stored at Ϫ80°C until further analysis.
For studies of the effects of freeze/thaw cycles, hemolysis, and for plasma/serum comparisons, two additional blood sample sets were obtained at a later date from the Jim Ayers Institute Tissue and Blood Collection Repository at Vanderbilt University. Demographic information for the participants is provided in supplemental Table S1 . These blood samples were collected in 10 ml BD Vacutainer lavender tubes (spray-coated with K 2 EDTA, product number 366643) (BD Diagnostics, Franklin Lakes, NJ) and used for plasma isolation under a Vanderbilt IRB-approved protocol. The first additional set consisted of three blood samples, from which plasma was collected immediately after centrifugation at 1500 ϫ g for 15 min at 4°C. This plasma was aliquoted in 200 l portions, which were taken either fresh or after 1, 2, 3, 5, 10, or 25 freeze-thaw cycles between 4°C and Ϫ80°C. For each freeze-thaw cycle, the samples were frozen at Ϫ80°C for 24 h and then thawed at room temperature for 30 min. For the hemolysis study, 10 samples each of hemolyzed and nonhemolyzed plasma were selected from the Ayers Institute plasma inventory. These samples had been collected according to a standard procedure corresponding to the "t ϭ 0" samples described above. Hemolysis was assessed by visual observation of the color of the plasma (photographs of the samples are presented in supplemental Fig. S1 ). All samples were stored at Ϫ80°C until further analysis.
For plasma/serum comparisons, two blood samples were taken from each of 10 participants. One was collected into a lavender top BD Vacutainer tube and EDTA plasma was prepared as described above for t ϭ 0 samples. The other was collected into a 10 ml red top BD Vacutainer tube (no additive, product number 366430) and allowed to sit at room temperature for one 1 h. Blood was centrifuged to remove the fibrin clot for 4°C for 10 min at 2000 ϫ g and the serum was carefully transferred using a Pasteur pipette. All samples were stored at Ϫ80°C until further analysis.
Sample Preparation for LC-MS Analyses-For time course studies, plasma samples (4 l each) from 10 subjects corresponding to each temperature and time point were combined to create sample pools of 40 l. Three aliquots from each pool were then processed for digestion and analysis. For freeze-thaw, hemolysis and plasma-serum comparisons, individual samples were processed for digestion and analysis. Plasma pool samples (5 l aliquots) from time course studies was resuspended in 100 l of TFE/50 mM ammonium bicarbonate pH 8.0 (1:1, v/v) and reduced with 10 l 50 mM dithiothreitol at 60°C for 20 min, followed by alkylation with 10 l of 100 mM iodoacetamide in the dark at ambient temperature for 20 min. The reduced and alkylated protein mixtures were diluted to 0.5 ml with ammonium bicarbonate (50 mM, pH 8.0) followed by addition of trypsin at a trypsin/protein ratio of 1:50 (w/w). The mixtures were incubated overnight at 37°C and evaporated to dryness in vacuo. Plasma and serum individual samples (10 l aliquots) from the freeze-thaw, hemolysis, and plasma-serum studies were prepared by the same procedure, except that the volumes of all components were doubled. Prior to LC-MS/MS and MRM analyses, all digests were reconstituted in 0.1% formic acid to a final concentration of 0.2 g/l.
Analysis by LC-MS/MS-LC-MS/MS analyses were performed in duplicate on an LTQ-XL mass spectrometer (ThermoFisher, San Jose, CA) equipped with an Eksigent 1D Plus nanoLC pump and AS-1 autosampler (Dublin, CA). Peptides were separated on a packed capillary tip (Polymicro Technologies, 100 m ϫ 11 cm) with Jupiter C18 resin (5 m, 300 Å, Phenomenex) using an in-line solid-phase extraction column (100 m ϫ 6 cm) packed with the same C18 resin using a frit generated with liquid silicate Kasil 1 (20) similar to that previously described (21) . Mobile phase A consisted of 0.1% formic acid and mobile phase B consisted of 0.1% formic acid in acetonitrile. A 95 min gradient was performed with a 15 min washing period at a flow rate of 1.5 l min Ϫ1 (100% A for the first 10 min followed by a gradient to 98% A at 15 min) to allow for solid-phase extraction and removal of any residual salts. Following the washing period, the flow rate was decreased to 700 nL min Ϫ1 while the gradient was increased to 25% B by 50 min, followed by an increase to 90% B by 65 min and held for 9 min before returning to the initial conditions.
Centroided MS/MS scans were acquired on the LTQ using an isolation width of 2 m/z, an activation time of 30 ms, an activation q of 0.250 and 30% normalized collision energy using 1 microscan with a max ion time of 100 ms for each MS/MS scan and 1 microscan with a max ion time of 100 for each full MS scan. The mass spectrometer was tuned prior to analysis using the synthetic peptide TpepK (AVAGKAGAR), so that some parameters may have varied slightly from experiment to experiment, but typically the tune parameters were as follows: spray voltage of 2 KV, a capillary temperature of 150°C, a capillary voltage of 50 V and tube lens of 120 V. A full scan was obtained for eluting peptides in the range of m/z 400 -2000 followed by five data-dependent MS/MS scans with a minimum threshold of 1000 set to trigger the MS/MS spectra. MS/MS spectra were recorded using dynamic exclusion of previously analyzed precursors for 60 s with a repeat duration of 1.
MS/MS spectra collected as .raw files were converted into mzData format with an in-house developed software tool called ScanSifter and searched using the MyriMatch version 1.1.2 search algorithm against the IPI human database version 3.37 containing 69,164 entries (22) . The database was concatenated with the reverse sequences of all proteins in the database to allow for the determination of false discovery rates. A static modification for carbamidomethylation was defined for cysteines, whereas dynamic modifications reflecting oxidation of methionines and formation of N-terminal pyroglutamines were allowed. Any number of missed cleavages was allowed and peptides were allowed to have a single nontryptic end. A precursor error of 1.25 m/z was allowed, but fragment ions were required to match within 0.5 m/z. The search results were filtered and assembled using IDPicker version 2.0 (23). Peptide identification stringency was set at a maximum of 2.5% reversed peptide identifications (5% overall peptide FDR) and a minimum of two distinct peptides to identify a given protein within the full data set. Distinct peptides have dissimilar precursor masses or charge states, but may reflect variant peptides of the same primary protein sequence. ID-Picker employs a bipartite graph analysis and efficient graph algorithms to identify protein clusters with shared peptides and to derive the minimal list of proteins. This bipartite parsimony technique simplifies protein lists by consolidating results that map to redundant database entries and also improves the accuracy of protein identification (24) . Such protein groups consist almost exclusively of isoforms or identical proteins resulting from redundancy in the database.
Quantitative Comparisons of Shotgun Proteomic Data Sets-We used a Poisson-based generalized linear model (GLM) approach that employs a quasi-likelihood Poisson distribution and is implemented in a graphical user interface software package called Quasi-Tel, as we described previously (25) . Normalization between different runs was achieved by using the number of confident identifications as offset in the GLM. Proteins with GLM-generated p values of less than 0.05 were considered significantly different.
Quasitel output generated at the peptide level guided in the selection of peptides to be monitored by LC-MRM-MS. The two most extreme conditions in the time point series and freeze thaw cycles were compared at the peptide level, respectively. Peptides were filtered by GLM-generated p values of less than 0.05 and sorted by spectral counts. Peptides with the highest spectral count differentials between conditions were selected for MRM analyses.
Liquid-chromatography MRM Mass Spectrometry-All MRM analyses were performed on a TSQ Vantage triple quadrupole mass spectrometer (ThermoFisher Scientific) equipped with an Eksigent Ultra nanoLC 1D pump and AS-2 autosampler (Eksigent Technologies, Dublin CA). Peptides were resolved using a PicoFrit (New Objective) column (75 m ϫ 11 cm, 10 m i.d. tip) self-packed with ReproSil-Pur C18 AQ resin (3 m particle size). Separations were performed at a flow rate of 300 nL min Ϫ1 using 0.1% (v/v) formic acid in water (mobile phase A) and 90% (v/v) acetonitrile with 0.1% (v/v) formic acid in water (mobile phase B). Two microliter injections of the plasma digests (0.2 g l Ϫ1 ) were separated using a binary gradient of 3-20% B in 3 min, 20 -60% B in 35 min, 60 -90% B in 2 min, and at 90% B for 4 min.
MRM analyses were performed with an electrospray voltage of 1300 Ϯ 100 V and capillary temperature 210°C. A single scan event was used to monitor four MRM transitions per peptide using the following parameters: Q1 and Q3 unit resolution 0.7 Da FWHM, Q2 gas pressure of 1.5 mTorr, scan width of 0.005 m/z and a scan time of 8 ms. Typically 8 -10 scans are acquired across each chromatographic peak.
Quantitative measurements of plasma peptides were performed with a labeled reference peptide method (26) , in which a single reference peptide 13 C-15 N-Arg-AAQGDITAPGGAR was spiked into samples at a concentration of 50 fmol g Ϫ1 and used as a normalization standard. Each plasma sample was analyzed in three complete process replicates. Skyline was used to process all acquired data (27) . Peptide peak areas were calculated as the sum of the integrated peak areas for the monitored transitions. The peak areas for each plasma peptide and for the bacterial peptide were calculated and exported in an Excel file. Data were normalized by dividing each plasma peptide peak area by the peak area of the reference peptide 13 C-15 N-Arg-AAQGDITAPGGAR. The normalized peak areas for each peptide were used to compare levels of specific peptide forms between experimental conditions.
RESULTS

Plasma Preparation Time Course
Studies-The first preanalytical variable examined was the effect of delay from time of blood collection in EDTA-containing tubes to the time of plasma isolation by centrifugation. We collected blood from 10 volunteers and processed a 200 l aliquot of each sample immediately to plasma. This sample represented time zero. Additional 200 l aliquots of each blood sample were placed in 96-well plates and held for 4 h, 24 h, 3 days, and 1 week at either room temperature or 4°C prior to plasma isolation. Because these experiments generated a large number of samples, we prepared and analyzed in triplicate pools from the 10 individual samples for each time point. We then compared the LC-MS/MS data sets to detect differences in (1) the numbers of MS/MS spectra collected, (2) confident peptide identifications (numbers of MS/MS spectra matched to peptides), (3) unique peptide identifications, (4) protein group identifications (numbers of indistinguishable proteins as defined in (24)), (5) the yield of semi-tryptic peptides, and (6) the yield of methionine oxidized peptides (Fig. 1 ). Summaries of these parameters for all of the experiments are presented in supplemental Table S2 . IDPicker reports listing all peptide and protein identifications and supporting database search results are provided as Supplemental Information.
Collection of similar numbers of MS/MS spectra indicated consistent LC-MS/MS system performance across the analyses. Although data for confident peptide identifications, peptide identifications, and protein identifications were largely consistent over time at both temperatures, statistical analysis revealed that the plasma pool corresponding to the 4 h and 4°C time point yielded fewer peptide and protein group identifications than the other 4°C time point plasma samples. This sample appeared to be an outlier, as there was no significant trend for decreasing peptide and protein identifications across the time course.
To detect protein degradation by endo-or exo-proteases, we assessed the yield of semitryptic peptides. No significant change in the percentage of semitryptic peptides with time was detected at either room temperature or 4°C. To assess protein oxidation, we measured the numbers of identified peptides containing oxidized methionines. No significant differences were noted at either temperature over the time course.
We compared the spectral count data for individual proteins at different time points. Spectral counts for proteins at time zero were plotted against counts from the 24 h and 1 week time points and assessed by the Spearman correlation coefficient ( Fig. 2A ). (Comparisons of the time zero data with all of the other time points are shown in supplemental Figs. S1-S4). Only proteins observed with an average spectral count of at least one across all time point analyses were used in these comparisons. Protein degradation that decreased peptide identifications and spectral counts at later time points should decrease the correlation coefficient (r). However, r values were similar across all time point comparisons. The lowest r value (0.87) was observed in comparison of the time zero with the 4 h at 4°C data, which, as noted above, appeared to be an outlier supplemental Fig. S2 ).
To identify proteins that underwent the greatest changes across the complete time course, we performed statistical comparisons of the shotgun datasets from time zero and 1 week for both temperatures. Comparison at the protein level indicated a small number of proteins with significant differences (p Ͻ 0.05), including albumin, serotransferrin, hemoglobin, fibrinogen, and others (supplemental Table S3 ). However, the observed differences between the two groups were less than two-fold and statistical significance may simply reflect the higher accuracy by which the most abundant proteins can be measured through spectral counting. To confirm these apparent differences, we chose a panel of peptides representing these proteins based on differential spectral counts. We also examined the spectral count data for related sequences that differed by tryptic cleavages (supplemental Table S4 ). Most of the selected peptides were fully cleaved forms and had the highest spectral counts within each sequence family. In addition, other peptides from the same proteins, but with similar spectral counts between conditions were also selected as negative controls.
MRM assays were configured for these peptides and for other peptides from the same proteins that showed no spectral count differences between the time points. Only the blood samples from the room temperature experiment were analyzed by MRM, as time dependent effects were anticipated to be most pronounced in these samples. The peptides selected for each protein and the MRM results across the time series are shown in Fig. 3 . In most cases, the spectral counts show that these differential peptides increased over time. For instance, peptides DVFLGMFLYEYAR and ALVLIAFA-QYLQQCPFEDHVK from albumin and the two peptides GFT-FATLSELHCDKLHVDPENFR and GFTFATLSELHCDKLHVD from hemoglobin all increased with time at room temperature. The MRM measurements all confirmed trends in the spectral count data. For albumin, peptides DVFLGMFLYEYAR and ALVLIAFAQYLQQCPFEDHVK were found to be differential by spectral counts and this was confirmed by MRM, as were changes in the ITIH4 peptide ELDRDTVFALVNYIFFK and hemoglobin peptides GFTFATLSELHCDKLHVDPENFR and GFTFATLSELHCDKLHVD. All peptides selected for MRM analysis, together with the monitored transitions and spectral count data are listed in supplemental Table S3 .
We also monitored the formation of "ladder" peptides derived from fibrinogen, which have been detected as time-dependent products of degradation by exopeptidases in plasma and serum (15, 17, 28) . We monitored several previously reported truncation products of the fibrinogen alpha peptide ADSGEGFLAEGGGVR in plasma collected after 0, 4h, 24 h, or 1 week at room temperature (Fig. 4A ). Although these ladder peptides are rapidly formed ex vivo by degradation of fibrinogen in serum (17) , the parent peptide remained the predominant form observed and there was minimal formation of the highly truncated peptides, FLAEGGGVR and LAEGGGVR. Plasma Freeze-Thaw Studies-To study the effects of freeze-thaw cycles on protein stability in the plasma proteome, additional plasma samples were collected and either analyzed fresh or subjected to 1, 2, 3, 5, 10, or 25 freeze thaw cycles prior to analysis. Shotgun analyses yielded an equivalent number of MS/MS spectra for each sample and no significant changes were observed in numbers of peptides and protein group identifications regardless of the number of freeze thaw cycles. Likewise, freeze-thaw cycles appeared to have no effect on the proportion of semitryptic peptides generated or the levels of methionine-oxidized peptides (Fig. 5 ).
FIG. 2. A, Linear correlation plots of the spectral counts for proteins identified in triplicate LC-MS/MS analyses between the zero time point plasma samples and those collected after 24 h (upper panel) or 1 week (lower panel
Correlation plots (Fig. 2B ) compared the protein spectral counts for individual proteins in fresh plasma samples with counts for the same proteins after 5 or 25 freeze-thaw cycles. The Spearman correlation coefficients were 0.97 and 0.98, respectively, indicating no detectable changes in protein abundance based on spectral counts after multiple freezethaws. (Comparisons of the fresh plasma samples with plasma samples after 1, 2, 3, and 10 freeze-thaw cycles are shown in supplemental Fig. S4.) MRM assays were configured for a few peptides that appeared to be different based upon spectral count comparisons between zero and 25 freeze thaw cycles. These peptides Peptides from each protein were selected based on spectral count differences (peptides DVFLGMFLYEYAR, ALVLIAFAQYLQQCPFEDHVK (albumin); DQYELLCLDNTR (serotransferrin); GTFATLSELHCDKLHVDPENFR (GTF(1)), GFTFATLSELHCDKLHVD (GTF(2)) (hemoglobin); ELDRDTVFALVNYIFFK, LVDKFLEDVK (inter alpha trypsin inhibitor); FSGSGSGTDFTLTISR, EPQVYTLPPSRDELTK (IgG)) in shotgun analyses. Other peptides from the same proteins were selected based on spectral count similarity (KLVAASQAALGL, AQYLQQCPFEDHVK (albumin); LKCDEWSVNSVGK, PQTFYYAVAVVK (serotransferrin); FFESFGDLSTPDAVMGNPK, VVAGVANALAHK hemoglobin); FNKPFVFLMIEQNTK, VFSNGADLSGVTEEAPLKLSK (inter alpha trypsin inhibitor); VVSVLTVVHQDWLNGK, DASGVTFTWTPSSGK (IgG). Peptide peak areas were normalized by the labeled reference peptide standard method, as described under "Experimental Procedures." Plasma samples corresponding to each experimental condition were analyzed in triplicate and values shown are mean Ϯ S.D.
were derived from the high abundant proteins, including albumin, complement C5, immunoglobulin, and fibrinogen (Fig.  6) . The albumin-derived peptide EFNAETFTFHADICTLSEK had the largest difference in spectral counts between zero (16 counts) and 25 freeze thaws (198 counts). Despite modest apparent differences between some peptides between zero and 25 freeze-thaws, we observed no significant trends with a dependence on freeze-thaw cycles. We also monitored the ladder peptides derived from the fibrinogen alpha peptide ADSGEGFLAEGGGVR in a similar manner as for the time course series. No significant changes in the ladder peptides were detected with increase in freeze-thaw cycles (Fig. 4B) .
Comparison of Plasma Proteomes from Hemolyzed and Nonhemolyzed Blood-Hemolysis is a potentially important preanalytical variable, because erythocyte proteins (particularly hemoglobin) may contaminate plasma and because hemoglobin-derived iron may catalyze oxidation and protein cleavage reactions (29) . Hemolyzed plasma samples were initially identified from our collection database, which indicates evidence of hemolysis at the time of collection; we then selected samples by visual inspection for strongly reddish color. Both the hemolyzed and nonhemolyzed samples were frozen and previously unthawed prior to analysis. (A photo of the entire set is presented in supplemental Fig. S1 ).
We compared hemolyzed and nonhemolyzed plasma samples by shotgun proteomic analysis. The presence of hemolysis did not affect any measure of peptide or protein identifications, semitryptic peptides or methionine-oxidized peptides (Fig. 7) .
The correlation plots indicated near identity of protein spectral counts (r ϭ 0.97) between the hemolyzed and nonhemolyzed plasma samples (Fig. 2C) . The four outliers noted in the hemolyzed plasma samples were hemoglobin proteins alpha, beta, gamma, and delta, which derive from the rupture of erythocytes.
Comparison of Plasma and Serum Proteomes-We compared proteomes of plasma and serum collected at the same time from 10 patients. Because serum preparation involves activation of proteases in the clotting factor cascade and cleavage of fibrinogen, it seems possible that other blood proteins might be subject to adventitious proteolysis. We performed shotgun proteome analyses of the plasma and serum samples. No significant differences were found in the numbers of peptide and protein identifications or in the overall Peptides from each protein were selected based on spectral count differences (peptides EFNAETFTFHADICTLSEK, SHCIAEVENDEMPADLPSLAADFVESK (albumin); VRVELLHNPAF-CSLATTK (complement C3); LESDVSAQMEYCR (fibrinogen beta); WQQGNVFSCSVMHEALHNHYTQK (IgG)) in shotgun analyses. Other peptides from the same proteins were selected based on spectral count similarity (peptides RHPDYSVVLLLR (albumin); KGYQQLAFR, SGSDEVQVGQQR (complement C3); MGPTELLIEMEDWKGDK, REEAPSLRPAPPPISGGGYR (fibrinogen beta); SVTCHVK (IgG)). Peptide peak areas were normalized by the labeled reference peptide standard method, as described under "Experimental Procedures." Plasma samples corresponding to each experimental condition were analyzed in triplicate and values shown are mean ϮS.D. percentages of semitryptic peptides or methionine oxidized peptides between the two sample types (Fig. 7) . Although the percentages of semitryptic peptides did not differ significantly between plasma and serum, we noted higher variability of these in serum. In correlation analyses, the Spearman correlation coefficient for protein spectral counts in plasma versus serum was slightly lower (r ϭ 0.90) than in most of the other comparisons described above (Fig. 2C ). The primary outlier was fibrinogen alpha, which displayed 10-fold higher spectral counts in plasma than in serum. Two points not shown on the plot include the fibrinogen beta and gamma forms both of which were not identified in serum. Collectively; however, fibrinogen alpha, beta, and gamma proteins represent a 25fold higher level in plasma than that observed in serum.
DISCUSSION
Quantitative plasma protein measurements may be affected by proteolysis or oxidation because of uncontrolled preanalytical variables. Previous MALDI-and SELDI-based studies suggested that plasma and serum proteins were highly labile, although it is now clear that the changes observed with these platforms involve a relatively small number of proteins that are subject to physiologic proteolysis (e.g. fibrinogens, complement) (15) (16) (17) . Nevertheless, the concern is that proteolysis and concomitant oxidative damage on a broader scale might create considerable collateral damage to plasma proteins, thus potentially compromising their measurement. We asked whether systematic manipulation of common preanalytical variables could produce sufficient damage to compromise peptide measurements by LC-MS/ MS. We expected that delayed processing, multiple freeze/ thaws, and hemolysis would generate numerous proteolytic and oxidative changes, yet we found little evidence for accumulation of damage. We detected a few semi-tryptic peptides from abundant plasma proteins and observed modest changes in previously reported ladder peptides derived from fibrinogen. Our data suggest that plasma protein stability, represented at the peptide level, is considerably greater than would be inferred from the existing literature. These findings have important implications for the use of plasma and serum specimens for peptide-level protein quantitation.
To detect damage across the plasma proteome, we used shotgun proteome analyses, which enabled an unbiased survey of plasma peptides. We recognize that this approach has limitations. First, our single dimension LC-MS/MS analyses primarily sampled peptides derived from approximately the 200 most abundant plasma proteins, as we and others have previously demonstrated (30 -32) . We assumed that these proteins should be no more susceptible to proteolysis and oxidation than lower abundance proteins. Moreover, semi- tryptic or oxidized peptides from higher abundance proteins should be easier to detect, if formed in sufficient yield. Second, spectral count comparisons in shotgun proteomics do not provide quantitative measurements as precise as those from MRM analyses. It is especially important to note that spectral count-based comparisons at the peptide level are less robust than at the protein-level, where multiple peptides are sampled. Nevertheless, MRM experiments to sample the numbers of peptides we detected in our shotgun analyses would have been prohibitively costly in both reference standards and instrument time. Despite the lower precision of spectral count data relative to MRM, our platform is capable of detecting small changes in proteome composition, as we have demonstrated previously (25) . Indeed, the consistency of the shotgun datasets, in numbers of MS/MS spectra acquired, peptide sequences confidently identified and numbers of proteins identified all illustrate the high reproducibility of our shotgun analysis platform. Third, our analyses only assessed stability in the context of peptide detection by LC-MS/MS. We were unable to detect changes that altered protein folding or denaturation, which could dramatically impact the performance of immunoassays (10, (33) (34) (35) , which require recognition of epitopes that may depend on protein secondary structures.
Our time course studies for plasma processing indicated a remarkable stability of plasma proteins to extended storage in EDTA tubes. The few changes we observed all involved peptides from highly abundant proteins. This suggests that preprocessing delay affects a small percentage of the copies of any particular protein and that the effect would be expected to be most easily detectable with higher abundance proteins. Most of the observed changes reflected increased detection of certain peptides. This may reflect gradual denaturation of proteins that enabled more complete digestion. Freeze thaw cycles produced little effect on detected peptide and protein inventories. As in the plasma processing time course studies, the few changes observed reflected increased yields of certain peptides, thus suggesting that protein denaturation may have facilitated digestion. Hemolysis affected plasma proteomes primarily through contamination with hemoglobin proteins. Methionine oxidation and semitryptic peptide yields were not significantly affected. We note that enhanced proteolysis of lower abundance proteins would be difficult to detect against the high background of tryptic peptides in our analyses. Nevertheless, we did detect semitryptic peptides from medium-to high-abundance proteins and these were unaffected by preanalytical variables. We did not assess the interaction of hemolysis with either plasma processing time course or freeze-thaw cycles, although it would be reasonable to suggest that this could increase oxidation.
Comparison of plasma and serum proteomes provided an interesting view of the potential impact of collateral damage through activation of proteases. Although it might be expected that activation of proteases of the clotting and complement cascades could affect many other proteins, our data suggest that activated clotting-and complement-related proteases have minimal impact on plasma and serum proteins. This probably reflects the biochemical specificity of these proteases for their physiological substrates, as has been reported in MALDI-based studies of the low molecular weight peptidome (15) (16) (17) . We did observe greater variability in semitryptic peptides in serum than in plasma, but the difference was not significant. The lack of widespread proteolytic damage is consistent with previous work on MALDI profiling of the low molecular weight serum peptidome, in which the most dynamic changes were limited to physiologic substrates of blood proteases (17) . Taken together, our data suggest that individual proteins and peptides in plasma may be protected from damage by both the sheer complexity of the plasma proteome and by a relatively small group of very high abundance plasma proteins. The distribution of damage over such a broad population may reduce the impact on any individual protein.
We do not consider this study a definitive evaluation of the stability of plasma proteins to preanalytical variables. As we noted above, our analyses did not detect a large portion of the plasma proteome and the imprecision of spectral count data could have masked modest changes in certain proteins. Nevertheless, by combining systematic manipulation of preanalytical variables with shotgun and MRM analyses, we were able to examine the stability at the peptide level of a far broader range of plasma proteins than had been previously possible with MALDI/SELDI or two-dimensional gel platforms. Perhaps the ultimate assessment of plasma proteome stability could be done with a large number of MRM assays targeted to hundreds or even thousands of peptides (3), but that would be an enormously expensive and complex undertaking. A more practical follow-up to our study could be done with newly configured MRM assays as they undergo analytical validation (36) . This work does suggest a possible reevaluation of plasma collection protocols in clinical proteomics studies where MRM analyses will be used to analyze biomarkers. Although our data are not sufficient for specific guidance, they do suggest that acceptable timeframes for plasma collection could be expanded from typical standard operating procedures (processing within 1 h of collection) for studies involving MRM analyses. An interesting corollary is the potential utility of discarded blood plasma for MRM-based analyses. At Vanderbilt University Medical Center, DNA is extracted from discarded patient blood specimens taken for clinical tests and then stored together with a de-identified patient medical record (37) . This collection (currently over 150,000 samples and records) permits hypothesis-generating studies linking genomic data to clinical phenotypes (38) . The stability of plasma proteins under typical clinical laboratory storage conditions (4°C for up to 48 h prior to sample processing) could make it feasible to assemble a collection of plasma linked to DNA and de-identified medical records for MRM based analyses.
